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SUMMARY 
The optical properties of thallium chloride and thallium bro-
mide have been determined in the 3 ev to 21.2 ev region of the electro-
magnetic spectrum. These ionic crystals have a dielectric constant 
intermediate between the alkali halides and many semiconductors. Since 
many of the electronic and optical properties of a material are closely 
related to its dielectric constant, the choice of thallium chloride and 
thallium bromide provided materials for a study of optical properties 
with an intermediate value for the dielectric constant. In addition 
these materials have been the subject of frequent infrared investiga-
tions but have been neglected in the vacuum ultraviolet. 
Coincident with this study of the optical properties of the 
thallium halides an evaluation was made of the two major methods used 
at present for determining the optical constants of a material from its 
reflectivity properties. These two methods are a graphical analysis of 
the reflectivity as a function of angle of incidence, and a Kramers-
Kronig dispersion analysis. The reflectivity data were analyzed using 
both methods and the results compared. A third independent method of 
calculating optical constants was used, in which experimental data on 
the reflectivity as a function of the angle of incidence of the light 
on the sample were fitted to the appropriate Fresnel curve by a computer. 
The parameters n, k, and the polarization of the incident light were 
varied to choose the proper curve. This latter method avoided the approxi-




A major part of the experimental effort was the design and con-
struction of a monochromator to operate from the visible to the vacuum 
ultraviolet region of the electromagnetic spectrum. The design con-
siderations also included an appropriate sample chamber for studying 
the reflectivities of crystals as a function of angle of incidence and 
an evaluation of light detectors® The monochromator was a one-meter, nor-
mal incidence, vacuum ultraviolet type which covered the wavelength 
range from 600 X to 6000 X. The light source was a McPherson Hinter-
regger-type gas discharge lamp. It was operated in a dc mode using 
hydrogen or helium, or as a capacitor discharge in helium to cover the 
desired range. The capacitor discharge in helium has never been used 
previously as a light source for reflectivity measurements, but it gave 
satisfactory results for this research. The incident reflected light 
intensities were determined by means of a photomultiplier tube outside 
the sample chamber. The ultraviolet light was converted to visible 
light, to which the photomultiplier tube was sensitive, by a sodium 
salicylate phosphor. The fluorescence of this phosphor was transmitted 
to the photomultiplier tube by means of an aluminum-coated solid Pyrex 
light-pipe. The state of polarization of light from the exit slit of 
the monochromator was measured using a LIB pile-of-plates analyzer. 
The reflectivities of T1C1 and T1Br were determined in the range 
3®0 ev to 21.2 ev for incidence angles of 20° and 700 . These reflec-
tivities were used to determine n and k for the materials by a 
graphical method, and the 20 0 reflectivity was used in a Kramers-Kronig 
analysis of the data. The results of the two methods agreed well at 
high energies, but differences as large as 100 per cent were found at 
ix 
low energies where n and k were large. The results of the Fresnel 
curve-fitting technique on T1Br indicated that the Kramers-Kronig tech-
nique was correct to within 15 per cent, but that the polarization of 
the incident light caused large errors in a graphical analysis of the 
data unless the polarization was taken into account. 
The complex dielectric constant and the electron energy loss 
function were calculated from n and k for both materials and used 
in interpreting the optical properties in terms of electronic transi- 
tions in the material. The low-energy results were in accord with trans-
mission work done previously on these materials in this region. The 
first absorption band consists of an exciton peak, weak in T1Br, and 
an underlying absorption edge for band-to-band transitions. From the 
behavior of the dielectric constant at the absorption edge in T1Br, the 
band gap has been determined to be 3005 ev. Interpretation of the remain-
ing peaks was uncertain due to the absence of energy band calculations on 
these materials. 
The existence of a plasma resonance peak in the energy loss func-
tion has been tentatively identified at 11.8 ev for T1Br and at 1204 
ev for T1C1. These values agree closely with the corresponding values 
of 1305 ev and 1309 ev calculated for eight electrons per molecule free 
to perform collective oscillation in the conduction band. This electron 
density would be expected by considering the atomic energy levels of 
thallium, chlorine, and bromine. The 6s band of the T1 ion 9 containing 
two electrons per molecule, and the 4p or 3p band of Br - or Cl,-  respec-
tively, containing six electrons per molecule, lie within 5 ev of the 
conduction band, while the next lower lying level is at least 15 ev below 
the conduction band. 
CHAPTER I 
INTRODUCTION 
The Optical Constants 
In a study of the interaction of optical radiation with matter, 
a knowledge of the optical constants of a material, more specifically 
its index of refraction and absorption index, is helpful. These con-
stants describe the interaction of electromagnetic radiation with the 
material. Not only is a knowledge of the constants useful in engineer-
ing applications, but the energy dependence of the constants can aid 
greatly in a study of the physical mechanisms by p:Ilch the ilteraction 
of radiation with matter occurs. 
The consideration of a plane-polarized electromagnetic wave 
travelling in the +x direction will serve to define the optical 
constants of the medium: 
E(x, t) = Eo e 	2 e 	
c 
In equation 1, a is the absorption coefficient describing the decrease 
in intensity of the electromagnetic radiation as it passes through the 
material, and n is the ordinary refractive index of the material, 
equal to the ratio of the velocity of propagation of the radiation in 
a vacuum to its velocity in the medium. Since electromagnetic radiation 
is a transverse wave the above expression would represent an electric 




independent of time. If the component of E o in the y direction were 
zero the wave would be linearly or plane-polarized in the z direction. 
The expression can be rewritten 
t x, t) = 'to e 
iw ,, 	 r_ 	laC 
	
c Ln 2w 
-] x
) 
iw(t —x) n ' 
(2) = E o e 
lac in which n' = n 	
2w = n 
	ik is the complex index of refraction of 
the material. Thus k is a measure of the absorption of the medium, 
and is known as its absorption index. If plotted as a function of 
energy it will show structure at energies for which strong absorption 
of radiation occurs, for example in the excitation of electrons between 
energy levels in a material® 
The optical properties of a material can also be expressed in 
terms of its complex dielectric constant 
e l = n' 2 = e l A- ie 2 	 (3) 
A plot of e l and E 2 as a function of energy can give information not 
only on the energy for which absorption occurs but also on the type of 
transition that occurs. For example when an absorption due to an elec-
tronic transition between discrete energy levels occurs, e 1 and e 2 
exhibit "oscillator-like" behavior (l). This behavior is characterized 
by sharp peaks in e l and e 2 with e l peaking slightly before E 2 o 
e l would also exhibit the characteristic anomolous dispersion associated 
with the absorption of electromagnetic radiation by a charge oscillating 
2 
with a discrete frequency. If the absorption is due to an electronic 
transition between energy bands a calculation by Korovin (2) has shown 
that E 1 exhibits a peak at an energy corresponding to the beginning 
of the band-to-band transition, while E 2 rises steeply from zero to 
a constant value as is characteristic of a band edge. 
The most straight-forward method of determining the optical 
constants of a material make use of the radiation transmitted by the 
material. This technique wdrks well when the absorption coefficient 




. In the ultraviolet region of the spectrum, 
however, absorption coefficients as large 10 6 cm -1 can occur. The 
absorption coefficients are so large that the optical constants can 
not be measured by using transmitted light unless extremely thin samples 
of the materials are used. The optical properties of a thin film may 
differ greatly from those of the bulk material, however, and to deter-
mine the optical properties of single crystals or bulk material other 
techniques must be employed. 
Another property of a material that depends sensitively on its 
optical constants, and can be used to calculate them, is the reflectiv-
ity. Until recently optical instrumentation had not been advanced 
enough to allow a detailed study of reflectivities of many materials 
in the vacuum ultraviolet region. With recent advances in vacuum sys-
tems, light sources, and radiation detectors, the reflectivities of 
many materials in this region have been examined and used to calculate 
their optical constants (3). 
The fundamental equations governing the reflection of unpolarized 
radiation from a semi-infinite, homogeneous plane surface are the Fresnel 
3 
equations (See Appendix A) 
. 	, 2, 
sin
2 
 km + X) 	 tan km + X)  
s 
r = and r - , 
sin2 (m 	x) tan
2 
 km - X) 
In the above equations r s is the ratio of the intensity of the com-
ponent of the reflected light polarized perpendicular to the plane of 
incidence to the intensity of the incident light. The plane of inci-
dence is defined as the plane containing the incident and reflected 
rays. r 	is the corresponding ratio for the component polarized 
parallel to the plane of incidence. m is the angle of incidence of the 
light at the surface and x is the angle of refraction. The relation 
between m and X is provided by Snell's Law, 
sin q = n' sin X 
	
(5) 
in which n' denotes the refractive index of the surface material. 
In an absorbing medium the refractive index is complex, and the angle 
of refraction X becomes complex. A complex cosine can be introduced 
by the relation 
	
n'cos X = (n' 2 	sin2 (0 1/2 = a - ib 
	
(6) 
If this relation is substituted into the Fresnel equations, they become 
a
2 
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+ b 2 and a in terms of n, k, and m are: 
a2 	1 	2  + b2  = 2 [n (1 	 2 I Li  k















k 2 ) 	sin2 i -  Tj + ([n k2) sin 2 tcd2
+ 4n4k 2-}1i2 
1 2 
( 	
1 	1 7 2a = - 2in (1 - k
2
) - sin






sin 2 mi 2 	(10) 
In this way, the reflectances are expressed as functions of n, k, and 
the angle of incidence. These equations cannot be solved explicitly for 
n and k as a function of r s , r , and m. Consequently graphical 
methods of solution or simplifying approximations must be employed° 
The Kramers-Kroni Method 
One simplifying approximation occurs if near-normal incidence 
(m = 0) light is used. Then the Fresnel equations assume the particu-
larly simple form 
r = r 
(n 9 - 11 	(n -ik 	 i9 
, - 1r le 	, 	(11) 
P 	s 	(11 ,  + 1) 2 ) 	ik 
where Id is the amplitude of the complex reflectivity, and 0 is 
the change in phase of the light wave that occurs upon reflection at the 
surface. The amplitude of the reflectivity is related to the measured 




1=' 1+ 	- 21r I cos 0 
to the incident intensity, by the following: 
-u 2 R = r r = ,r ( 2 , so Ir ( = 67, 
a quantity which can be determined experimentally. 
Equation (11) can be solved explicitly for n and k in terms 
of Ir I and 0, resulting in 
1 - Ir 







0 can be determined at a given frequency by employing the Kramers-Kronig 
relation from dispersion analysis (3), which gives 
0, 	w + w 
0 (w 0 ) = I 	- °w dw tn I :w1) I dw o 	 (15) 
Thus by determining the complete reflectivity spectrum of a material for 
normal-incidence light, the optical constants col be calculated exactly. 
Experimentally the complete reflection spectrum would be quite 
hard to determine, but only those parts of the spectrum near the region 
of interest contribute greatly to the optical constants in that region 
D  11 1 td +W O I because of the weighting factor 4,	 in equation (15). Also in W -w o 
those regions in which the reflectivity is changing smoothly with fre- 
quency, the reflectivity can be extrapolated from known regions of the 
spectrum. This extrapolation is of necessity quite arbitrary, and can 
7 
lead to fairly large errors in the optical constants determined from it 
(4), (5), particularly for energies near the extrapolated region. 
Another approximation that is necessary due to geometrical con-
siderations is that normal incidence light cannot be used, and "near-
normal incidence" light, usually less than 20°, is used as an approxi-
mation to normal incidence. This approximation may also lead to errors, 
particularly if polarized light is used. For the typical values n = 2, 
k = 1, and 15 per cent polarization of the light, the difference between 
normal incidence reflectivity and 20 0 reflectivity is 1 per cent. For 
larger values of n and k and a greater degree of polarization, the 
error would be larger. 
Reflectance vs Angle of Incidence Method 
Another method for determining n and k from the Fresnel equa-
tions is to combine equations (7) and (8) to give an expression for the 
reflectivity of either completely polarized light or completely unpolarized 
light as a function of n, k, and p. Graphical methods of solving fc. 
n and k can then be used. Various charts have been prepared to aid 
in this graphical solution (6), ( 7 ), (8). In the vacuum ultraviolet region 
of the spectrum, where complete polarization of the light is difficult, 
charts for unpolarized light are frequently used. One of the simplest 
charts of this type is that prepared by Ishiguro and Sasaki (6), which is 
reproduced in Figure 1. This chart was prepared by evaluating with the 
aid of a computer the 20 0 and 700 reflectances of a surface for different 
values of n and k. The set of values (R 20 , R70 ) that had the same 
n value were connected by a family of curves, and points that had the 
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Figure 1. Chart for the Determination of Optical Constants. 
(R20, R70
) for unpolarized light, n and k can be simply read off 
the chart. Not only is the light not always unpolarized in the vacuum 
ultraviolet region of the spectrum, but the state of polarization of 
the light is usually not even known. Hunter (9) has discussed the 
effect of polarization of the light on the values of n and k deter-
mined by this method. 
Thus in order to calculate the optical constants of a material by 
these reflectance methods, arbitrary extrapolations or approximations 
of unpolarized light are necessary, and can possibly lead to large 
errors in the determination of these constants. Of course, optical 
constants determined from any reflectance measurement are characteristic 
of the surface of the material, and the presence of any foreign surface 
layer comparable in thickness to the penetration depth of the radiation 
could lead to incorrect results by these methods. 
Purpose of This Research  
Evaluation of Methods of Calculating Optical Constants 
The two methods described above are the methods most frequently 
used for the determination of the optical constants of a material from 
its reflectivity (8), (10), (11), (12). Both of these methods are 
inexact, depending on certain approximations or extrapolations. To date 
no experimental comparison of these two methods has been attempted. A 
purpose of this research is to calculate the optical constants of a given 
sample by both methods and to compare the results. To determine which 
of the two methods gives the most accurate results, the correct values 
of the optical constants will be calculated at several points by a tech-
nique in which experimentally determined curves of reflectance vs angle 
9 
1 0 
of incidence of the light will be curve-fit to the Fresnel equations by 
adjustment of the parameters n, k, and the polarization of the light. 
Determination of the 0 tical Constants of the Thallium Halides 
The thallium halides, although ionic materials, have a much 
larger dielectric constant than most other ionic crystals, and are 
therefore similar to semiconductor materials in some of their optical 
properties. The optical properties of the alkali halides (13), ionic 
materials with low dielectric constants, and the Group V and IV-VI semi-
conductors (14), (15), with high dielectric constants, have been exten-
sively investigated. A study of the properties of the thallium halides, 
on which information is scarce at present, should be a useful contribu-
tion to the knowledge of the electronic properties of materials inter-
mediate in their properties between the alkali halides and the semi-
conductors. 
The interpretation of the results for some of the semiconducting 
materials has been aided greatly by energy band calculations on these 
materials. For the ionic materials, however, the calculations are incom-
plete, and no band calculations have been reported for the thallium hal-
ides. 
The most extensive investigation to date on the optical properties 
of the thallium halides has been an investigation by Zinngrebe (16) on the 
absorption spectra of thin evaporated films of T1C1 and T1Br, which was 
limited to the energy range from 3®0 ev to 607 ev. This work showed 
several absorption peaks which were associated with exciton formation 
and electron transitions in thallium and halide atoms. These peaks, and 
11 
the interpretation given them by Zinngrebe, are shown in Table 1. In 
Table 1 the atomic thallium and halide excitations are shown as reaction 
equations between the ions and photons producing the excited atomic states. 
These interpretations were predicted by Zinngrebe on the fact that the 
energy difference between the second and third peaks in each material cor-




P1/2 transition in the halide atom 
while the distance between the second and fourth peaks corresponds to the 
2
P 1/ 2 - 
2
P3/2 transition in the thallium atom. The distance between the 
second and fifth peak for TIC1 equalled an energy corresponding to the sum 
of the chlorine and thallium excitation energy. No such peak was found 
for T1Br. 
The temperature dependence of the absorption edge of T1C1 at 3045 
ev has been measured by Zinngrebe (16) and Martienssen (17) from 20°K to 
600°K, and by Tutihasi (18) from 89° K to 3'4°K. These investigations 
yield a strange behavior. Between 200 and 600°K the absorption edge shifts 
to lower energies with rising temperature, but below 150°K it shifts in 
the opposite direction. These results can be interpreted as a superposi-
tion of two different absorption processes with opposite temperature depen-
dence. At about 200°K the edge of band-to-band transitions coincides with 
the tail of the exciton band. The former is shifted to lower energy with 
rising temperatures and then it alone determines the absorption edge of 
the crystal. But at low temperatures this absorption disappears beyond 
the tail of the exciton band and only the latter can be observed. 
Lefkowitz (19) has studied the exciton structure of T1C1 and T1Br 
by absorption in extremely thin single crystals, and has found absorption 
peaks corresponding to the n = 2 and n = 3 exciton energy levels in 
4.95 ev 	4.07 ev 	T1-1- 	.C1-1, 
LBr` J 
+ hv 	+ 
Br 
T1 + LBr) 
.1C1 
—4- T1 * lBrJ 


















(5.48 ev) * 
for Cl = 0.11 ev 
for Br = 0.45 ev 
for T1 = 0.96 ev 
Table 1. Low Energy Absorption Peaks in the 
Thallium Halides (16) 
T1C1 	 T1Br Interpretation 
   
3.46 ev 	3.04 ev 	Exciton formation and the beginning 
of band-to-band transitions 
*Not found in Reference 16. 
12 
13 
T1Br, as well as the large n = 1 peak. Using these peaks in a Mott hydro-
genic series (20) of energy levels he has calculated the fundamental 
absorption band gap of T1Br by assuming the series limit to be at the bot-
tom of the conduction band, and has arrived at a value of 3.115 ev for 
that band gap. Similar peaks could not be found for T1C1. 
Because all of these previous measurements were carried out using 
thin evaporated films and only covered a limited energy interval, an 
independent determination of the optical constants of bulk thallium 
halide single crystals over an extended energy range was deemed to be 
of interest. Among the thallium halides, only thallium chloride and 
thallium bromide were obtainable in a stable crystal form at room temper-
ature, and this investigation was confined to these two 
Construction of Equipment. 
In order to determine the reflectivity of the thallium halides 
as a function of photon energy, a `complete optical monochromator was 
designed and constructed to cover the desired energy range from 3.0 ev 
to 21.2 ev. The basic design was similar to that of Johnson (21), but 
improvements were made in the light source and vacuum system. Since 
most of the energy range was below 2000 	(6.2 ev), an evacuated sys- 
tem using reflection-type optics was necessary. A one-meter, normal 
incidence vacuum ultraviolet monochromator was chosen as the best 
design. In order to cover such a large energy interval, several light 
sources had to be selected and modified to fit the monochromator. A 
McPherson Hinterregger-type glass discharge lamp was chosen to cover the 
vacuum ultraviolet region. Since windowless operation was necessary 
14 
for operation below 11 ev, a high-speed pumping system was assembled for 
the monochromator. A liquid nitrogen cold trap was necessary to pro-
tect the grating and sample from back-streaming of the pump oil. A dc 
power supply capable of producing high light intensities was designed 
and constructed for the arc. 
A sample chamber was designed in which the reflectivity as a 
function of angle of incidence of the light on the sample could be 
measured. A Pyrex rod with a sodium salicylate phosphor coating was 
used as a rotatable light-pipe and a photomultiplier tube detector 
was chosen to give the best signal-to-noise ratio for the light emitted 





In a monochromator for the extreme ultraviolet optical region 
(from 300 X to 2000 X), the optical path needed to be evacuated because 
of the strong atmospheric absorption of light with wavelength below 
2000 	Also, there could be no lenses or windows in the light path, 
because the use of transmission optics was not feasible below 1100 X. 
The dispersing element of the monochromator should be a reflection-type 
grating, and should serve to focus the light as well. This requirement 
was met by having the grating grooves ruled on a concave reflecting sur-
face which, along with the evacuated tube in which it was placed, formed 
the basis of the monochromator. 
Figure 2 shows a diagram of the complete instrument. The main 
chamber was constructed from a stainless steel tube 8 3/4" in outside 
diameter with a wall thickness of 1/4". One-quarter inch thick flanges 
were welded to the ends of the tube, giving a total length of 3 1/2 feet, 
The tube was mounted on a movable table. One-half inch thick stainless 
steel end plates for mounting the grating holder at one end of the tube 
and the entrance and exit slits at the other were vacuum sealed by 
"0-Rings" to the flanges by means of sixteen 3/8" bolts. 

















Figure 2, Diagram of the Monochromator. 
0, 
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plate. The grating blank, a 4 1/2" diameter and 1 1/2" thick glass disc, 
was held in place by a pressure plate, and could be rotated in the holder 
to align the grooves with the slits. The grating was also adjustable 
about a horizontal axis for precise alignment, and focusing was accom-
plished by adjusting the grating-to-slit distance by means of shim brass 
strips under the mounting. 
Four baffles of 1/16" brass sheet were equally spaced inside the 
chamber to decrease at the exit slit the reflected light from the unwanted 
portions of the spectrum, and especially the reflected white light from 
the central image. The baffles and the interior of the chamber were 
painted with flat black vacuum-stable cathode-ray tube coating, and any 
gaps between the baffles and the chamber walls were sealed with Apiezon 
"Q" black wax. 
The entrance and exit slits were made of 1/32" stainless steel 
and attached directly to brass slit housings machined from 5" diameter 
brass bar. The housings were bolted directly to the slit plate, and gave 
a 6 1/2" separation between the entrance and exit slits. This separation 
was the maximum allowable by the chamber diameter and gave just enough 
room for the attachment of the lamp and sample chamber, which were bolted 
directly to the slit housings. The slit housings were beveled at an angle 
of 4° 35' to point the axis of the discharge tube directly at the center 
of the grating. 
The complete system was evacuated through a 1 1/2" pumping line. 
A Distillation Products Model MC-275 4" water-cooled oil diffusion pump 
with a capacity of 275 liters per second backed by a high-capacity Welch 
Model 1397B two-stage mechanical forepump with a speed of 425 liters 
per second evacuated the system. A water-cooled baffle and a two quart 
liquid nitrogen cold trap were located between the diffusion pump and 
the main chamber. The diffusion pump was never operated without liquid 
nitrogen in the trap to prevent back-streaming of pump oil which might 
have contaminated the grating or the sample. 
Tank pressure was determined by means of a Veeco CV-1M thermo-
couple gauge for pressures down to 1 11, and a Veeco RG-75K ionization 
gauge tube for pressures below 1 11. The pumping system was capable of 
maintaining a tank pressure of 0.2 11 with the forepump alone, or 1 x 10 -6 
mm with the diffusion pump. 
The grating chosen for the monochromator was a Bausch and Lomb 
replica grating with a one meter radius of curvature. The ruled section 
was 96 mm by 56 mm with the grooves ruled in three sections on an alu-
minum surface evaporated on the concave glass blank. The ruling was 
done in three sections in order to aid in keeping the grooves straight 
on the curved surface. The groove spacing was 600 lines per millimeter, 
and the groove faces were inclined at an angle of 2° 35' to the surface. 
This angular setting made the angle of incidence of the light on the 
grating equal to the angle of reflection for the 1500 X wavelength line 
in the first order and thus concentrated the reflected light in the 
vacuum ultraviolet region in the first order of diffraction. The sur-
face was overcoated with a 250 X layer of magnesium fluoride to prevent 
oxidation of the aluminum surface and also to give constructive interfer-
ence in the region of interest, as suggested by Hass (22). 
In order to scan the dispersed spectrum past the exit slit, the 
grating was rotated about an axis passing through the center of the 
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grating tangent to its surface and parallel to the entrance and exit 
slits. This rotation was accomplished by advancing a finely-threaded 
drive rod through the end plate of the monochromator. The rod was 
spring-loaded against an arm on the grating mount (See Figure 2). 
The grating had to be rotated through 21° to scan the first order 
spectrum from 0 R (the white point) to 6000 si. The grating was rota-
ted by advancing the drive rod 1 1/4" against a 3 1/8" arm. In order 
to provide the necessary sensitivity in positioning the diffracted beam 
at the exit slit, the rod and its vacuum-tight casing were threaded 
with a pitch of 1/32" per revolution. A dial graduated into divisions 
of 5/1000 of a revolution was firmly attached to the drive rod by means 
of a pin and slot drive. This arrangement allowed for a sensitivity of 
0.35 X in setting the wavelength. 
Light Source 
The light source used in the vacuum ultraviolet region of the 
spectrum was a McPherson Model 630 Hinterregger-type gas discharge lamp. 
Its 3/16" diameter glass capillary discharge tube was water-cooled, and 
the aluminum cathode was air-cooled by a fan in the lamp housing. The 
lamp could dissipate 1000 watts in continuous operation, or 8000 watts 
in intermittent operation. The lamp was bolted directly to the entrance 
slit flange of the monochromator and the stainless-steel slit jaws were 
used as the anode for the discharge. 
The lamp was operated as either a high-voltage, cold-cathode dc 
discharge in hydrogen or helium, or a repetitive high-voltage condensed 
spark discharge in helium. Commercial cylinder gas was used without 
purification, and it was admitted to the arc through 3/16" copper tubing. 
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The gas pressure was regulated by means of a Granville-Phillips variable 
leak valve. Since no windows could be used for operation in the extreme 
ultraviolet, the gas was pumped continuously through the entrance slit 
into the main chamber of the monochromator. This gas leakage was made as 
small as possible by sealing the exit barrel of the arc to the entrance 
slits with an "0-Ring" gasket and restricting the gas flow through the 
slit to an opening 3/16" long with a width equal to the slit width of 
.010". The 5/16" "0-Ring" fit over a shoulder on the arc barrel, and the 
barrel was forced against the exit slit by means of a cam drive on a rod 
passing through the body of the arc. With this arrangement a pressure of 
1 11, could be maintained in the main chamber with a pressure of 3 mm in the 
arc. Since both hydrogen and helium are fairly transparent to their own 
radiation, this pressure could be tolerated. 
The condensed spark discharge was generated in a McPherson Model 
720 Dual Mode Power Supply designed for the Hinterregger arc. A 0.0048 
ilfd capacitor was charged from the secondary of a 15,000 volt rms trans-
former. An adjustable air gap between two tapered tungsten rods was 
connected in parallel with the capacitor, and the capacitor was discharged 
across the gap when the gap breakdown voltage was reached. This charge 
then passed through the capillary of the lamp and, with an optimum pressure 
of 70 mm in the arc, produced the fairly intense Lyman continuum from 
600 a to 1100 R. The air gap in the power supply was irridiated with a 
quartz mercury lamp and was continuously swept with a jet of compressed 
air from a DeVilbiss compressor to improve the stability of the spark. A 
spark repetition rate of 6.5 kilocycles per second was used. 
The Model 720 Power Supply also provided for cold-cathode ac 
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excitation of the arc from the 15,000 volt transformer, but the current 
density in the arc with this type of excitation was very much smaller than 
than required to give useful intensities for the photoelectric detection 
of the reflected light intensities. For this reason a high-voltage dc 
power supply was designed and constructed from a high power radio trans-
mitter. A diagram of the power supply is given in Figure 3. This supply 
could maintain a current of 350 ma through the arc at about 900 volts for 
the required light intensity. 
The dc arc discharge was obtained in helium at an arc pressure of 
3 mm to give the 584 X Helium I resonance line. The lamp was also oper-
ated with hydrogen at an arc pressure of 10 mm to give the very intense 
hydrogen molecular spectrum from 850 X into the visible. When the hydro-
gen continuum above 1700 X was used the intense second order hydrogen 
line spectrum which occurred in that region was filtered out by a 2 mm 
thick special ultraviolet transmitting fused quartz plate (G. E. Type 102) 
located after the exit slit. 
The composite spectrum produced by the Hinterregger arc is shown 
in Figure 4. The weaker hydrogen and helium continuum intensities are 
multiplied by a factor of 10 in the Figure. An extremely weak region from 
5.5 ev to 7.7ev in the hydrogen continuum is clearly shown. 
Reflectometer 
The sample chamber was of 5" inside diameter tubing with a wall 
thickness of 1/2". Since the chamber was bolted directly to the exit 
slit housing, with no other means of support, it was made of aluminum 
to decrease the weight. The reflectometer was similar to a design by 
Smith (23), and is shown in Figure 5. The sample holder was mounted on 
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a 1/4" brass rod in the center of the chamber. It could be rotated com-
pletely about its axis or withdrawn from the light beam through an "0-Ring" 
seal in the floor of the chamber. The angle of incidence of the light on 
the sample could be set using one quadrant of a 4" radius protractor 
scale attached to the sample holder rod. With this arrangement the inci-
dence angle could be set to within 0.1°. 
The radiation detector was a 3/4" diameter solid Pyrex rod bent 
as shown in Figure 5. Both ends were polished for the best light trans-
mission, and the rod was coated with aluminum in order to contain that 
radiation which was incident on the walls at less than the critical angle. 
The aluminum coating was protected by a layer of Negolac, a nitro-cellulose 
lacquer. The Pyrex readily transmitted radiation of wavelength above 
3500 a to the photomultiplier tube outside the chamber. For wavelengths 
below 3500 X, the entrance end of the detector was coated with a phosphor, 
sodium salicylate, which was sprayed on the surface in the form of a 
saturated solution of sodium salicylate in methyl alcohol using a DeVilbiss 
No. 40 nebulizer, as suggested by Knapp (24). This method gave a very 
uniform coating whose thickness could be easily controlled. In the pres-
ence of ultraviolet radiation, the phosphor fluoresces at approximately 
4400 X (25) a wavelength which was readily transmitted by the Pyrex rod 
and to which the photomultiplier tube was especially sensitive. 
The Pyrex probe was cemented to a 1" brass bushing using Bondmaster 
M688 adhesive, which formed the vacuum seal. The bushing rotated in an 
"0-Ring" seal and was bolted to the photo-tube case, within which the 
photomultiplier tube was mounted to receive the radiation transmitted by 


















of the Pyrex rod and photomultiplier tube and insured that the light 
would strike the same section of the photocathode at all angles of inci-
dence. There were then no errors due to possible non-uniform sensitivity 
in the photocathode. Thus the detector was a complete unit with a con-
stant sensitivity for all angles of incidence and all wavelengths. 
The Pyrex rod was rotated about a vertical axis through its 
straight portion coincident with the axis of rotation of the sample. 
With the reflecting surface of the sample positioned precisely on the 
axis of rotation, the path length of the light was identical for all 
angles of incidence and for the incident light. The equal path lengths 
permitted the determination of absolute reflectivities by taking the 
ratio of the photomultiplier signals of the incident and reflected light. 
The reflectivity could be measured at any angle of incidence between 
20° and a maximum value limited by the width of the sample and light beam, 
which in this work was 70°. The minimum of 20° was determined by the 
position at which the rod, when intercepting the reflected beam, began 
to obscure the incident beam. 
The photomultiplier tube was either an EMI 9514S or 9607S tube, 
both of which had an S-11 photocathode. The 9514S gave a slightly better 
signal-to-noise ratio, but could not be used with the spark discharge 
source because of electrical interference. For this purpose the 9607S 
tube was used and the ammeter moved to the grating end of the system 
This set-up eliminated most of the interference caused by the spark. 
The dynode voltages for the tubes were supplied by an NJE S-326 
0-2.5 kv dc power supply. The dynode resistor network was a uniform 
chain of resistors soldered directly to the pins in the tube base. An 
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overall dynode voltage of 1500 volts gave the best operating conditions 
for the tubes, with a dark current of 1 x 10 -8 amp. With the 9514S a 
0.02" thick brass sheet surrounding the tube was connected to the cathode 
pin. This was found to be necessary due to a large amount of noise which 
was present in the tube without it. 
The photocurrent was measured by a Keithley Model 415 picoammeter 
with the 9514S tube or a Model 410 picoammeter with the 96075. An Ester-
line-Angus Model AW 6" chart recorder could be used in conjunction with 
either. 
Alignment and Operation of Equipment 
The monochromator optical system was aligned by first setting the 
entrance slit to a 0.010" width and then observing the reflected image 
of the entrance slit illuminated by a tungsten bulb at the exit slit posi-
tion. The grating was rotated in the holder to bring the rulings parallel 
to the entrance slit, as determined by observing the image of the white 
point and the visible spectrum on a piece of tissue paper taped over the 
exit slit opening. The instrument was focused by moving the grating 
holder toward the slits until the white point image was in focus at the 
exit slit position. The exit slit was then aligned parallel to the white 
point image and closed to 0.010". 
The wavelength dial was calibrated using known spectral lines in 
the hydrogen and helium extreme ultraviolet region, as well as near ultra-
violet and visible lines from a low-pressure quartz mercury arc. The 
lines used in the extreme ultraviolet were the helium 584 	and 1640.4 a 
lines and the hydrogen 1215.7 	Lyman-a line. These lines were easy to 
Figure . Photograph of the Light Source and Reflectometer. 
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Figure 7. Photograph of the Monochromator with the Power Supplies. 
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identify and the wavelengths were known to a high degree of precision. 
The dial setting corresponding to each calibration line was determined, 
and the dial setting versus wavelength was plotted. These points fit a 
straight line relationship to a very good approximation. This linear 
relationship between dial setting and wavelength can be seen in the 
grating equation 
d sin 8 =A =d 	= kx , 	 (16) 
where T = A = sin 0 when 9 is small, as it was for the first-
order spectrum. In equation (16), x is the distance the grating drive 
rod advanced and 1 is the length of the grating drive arm. The slope of 
the line was 3.48 X per division of the grating dial. The points all 
fit the straight-line approximation to within 5 A, and since this error 
included any error in dial setting or dial reading, this was taken to be 
the accuracy with which the wavelength setting was known. 
The resolution of the instrument was determined by noting the 
closest spectral lines that could just be resolved. The monochromator 
could resolve two lines 7 X apart at about 1225 X. This upper limit on 
the resolution corresponded to an energy resolution of 0.02 ev at 1200 A, 
and 0.5 ev at 600 X. 
The state of polarization of the light emergent from the exit 
slit was determined in the region 3000 X to 1000 X (26) using an 8 plate 
LiF pile-of-plates polarizer, manufactured by the Harshaw Chemical Co. 
and kindly furnished by Dr. E. T. Arakawa of the Health Physics Branch of 
the Oak Ridge National Laboratories. The polarizer consisted of 8 
cleaved LiF plates mounted in a rotatable cylinder with an aperture of 
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9/16" diameter. The apparatus was mounted in a brass vacuum-tight cylinder 
and was driven by a gear arrangement and drive rod passing through an 
"0-Ring" seal in the housing. A 0-360° scale was mounted on the drive rod 
to determine the orientation of the plane of incidence of the LiF plates. 
The polarizer was mounted directly after the monochromator exit 
slit and aligned with the light beam using visible light. An EMI 6255B 
photomultiplier and sodium salicylate phosphor determined the intensity 
of the transmitted light. To determine the state of polarization of the 
light in the exit beam, a reading was taken of the intensity transmitted 
by the polarizer at a given wavelength with the plane of incidence of the 
LiF plates parallel to the slits and with the plane of incidence perpen-
dicular to the slits. The polarization produced by the polarizer had 
been determined by Dr. Arakawa, and was given as a function of wavelength 
by the ratio p = t p  /t s , where tp and i s were the transmission of the 
polarizer for light polarized parallel and perpendicular to the plane of 
incidence of the LiF plates, respectively. The polarization produced by 
the monochromator, given by the ratio p m =os/Iop' with I os  and I op 
the intensities of the components of the partially polarized light emer-
gent from the exit slit, was calculated in the following manner: 
t 
=tI 	+tI 	 + I ) 00 	p op s os s t s op 	os 
t 
I 	=tI 	+tI 	=t (I 	 ) 90° s op p os s op 	is os 
I 	p I 	+ I 0° . s = op os  
	
+ p I 	I - 
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(p 	Pm) 
 
1 	pp m ) 
(1 7) 
where S was the ratio of the photomultiplier signal when the plane of 
incidence of the LiF plates was parallel to the exit slit (1 00 ) to that 
when the plane of incidence was perpendicular to the slit (I 900
). p
m 
was calculated at intervals of 20 	from 2000 X to 1100 X, the limit 
of the transmission of the polarizero The results are shown as a solid 
line in Figure 8, in\ which a value of 1.00 for p m indicates unpolarized 
light. The maximum per cent polarization produced, given by the ratio 
I 	- I op__ os 
I + I 	' op 	os 
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was 14 per cent- 
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Figure 8. State of Polarization of Light p m  from the Monochromator 




Reflection measurements were made on samples of T1Br and T1C1 
received from the Harshaw Chemical Company, Elyria, Ohio. Two groups 
of crystals were obtained, one group being 1" x 7V8" x 1/4" with 
optically polished surfaces, the other group being 7/8" x 7/8" x 1/4" 
with unpolished surfaces. The unpolished crystals and some of the fac-
tory polished crystals were polished using a Westinghouse Mazur lapping 
and polishing machine. A mixture of methyl alcohol, tincture of green 
soap, and Fisher "B" alumina was used on a cotton cloth as a polishing 
compound. Before being polished the samples were annealed for 24 hours 
at 200°C as suggested by Smakula (27) for the preparation of optical 
surfaces of the thallium halides. 
The polished crystals were aligned in the reflectometer visually 
using light from the white point and a tungsten bulb. The position for 
normal incidence of the light on the sample was determined by noting the 
position of the sample that reflected the beam from the crystal back to 
the exit slit. This position was used as a basis to fix the angle of 
incidence of the light on the crystal. The detector position for 
receiving the reflected beam was then marked for every 5° of incidence 
angle between 20° and 70°, and it was also marked for receiving the 
incident beam. The detector position for receiving the incident or 
reflected beam was not critical, so the only error inherent in the 
34 
35 
reflectometer was in setting the incident angle and the zero-point error 
in the determination of normal incidence, a total possible error of 2°. 
Values of the intensities of the incident, 20° reflected, and 
70° reflected beams were measured at 0.05 ev intervals from 3 ev to 7.7 
ev using the hydrogen continuum. Because both T1C1 and T1Br were trans-
parent down to the near ultraviolet, their reflectivities were not deter-
mined in the visible, where reflections from the back surface would have 
complicated the results. 
The readings were completed at each wavelength before changing to 
another wavelength to insure against any errors from long-term drift in 
the lamp intensity. Corrections were made for scattered light in the 
incident and reflected beams by setting the wavelength dial to a position 
at which the lamp, or lamp and filter combination, should have given no 
output. The scattered light contribution was then taken as the intensity 
reading at this setting. This reading was always constant down to the 
white point, so it was assumed to be constant in the region of interest 
also. The amount of scattered light was always very small, on the order 
of 1 per cent of the incident intensity, except in the 5.5 to 7.7 ev region, 
where it was approximately 50 per cent. 
Readings were also taken using the line spectrum of hydrogen from 
7.7 ev to 13.5 ev at irregular energy intervals depending on the peaks of 
the lines. These intervals were never more than 0.15 ev. Helium was used 
in the lamp to determine the reflectivity at intervals of 0.1 ev from 
13.6 ev to 20.0 ev, and at the helium resonance line at 21,2 ev. 
The reflectivities were determined from several runs on the same 
sample. At least three, and as much as seven or eight runs for particularly 
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interesting regions of the spectrum were made, and an average value was 
chosen for the reflectivity at each point. The values from the differ-
ent runs on the same crystal agreed to within 1 per cent over most of the 
range, except for the region from 5.5 ev to 7.7 ev, where the variation 
was as large as 3 per cent, or the helium region, where variations as 
large as 5 per cent were found because of the weakness and fluctuations 
of the lamp in this region. However, these accuracies are acceptable 
for general reflectance work, and this work showed for the first time the 
applicability of the helium continuum from the McPherson arc for reflec-
tivity measurements. 
Determination of the Optical Constants  
The reflectivity curves for TICI and TIBr as a function of photon 
energy are shown in Figures 9 and 10. The 20° and 70° reflectivities 
were used to determine n and k as a function of photon energy using 
a photographic enlargement of the chart for unpolarized radiation pre-
pared by Ishiguro and Sasaki (6) and shown in Figure 1. In using this 
chart, the 20 0 reflectivity was taken as the abcissa of a point and the 
70° reflectivity as the ordinate, and the values of n and k were 
determined from the curves of equal n and k on the chart. The 
results of this method are shown as dashed lines in Figures 11 through 
14. These curves show rather disturbing departures from expected behavior 
in the low energy region. They indicate a much smaller index of refrac-
tion than expected, and also an absorption index that drops sharply to 
zero at 5.1 ev for T1Br. 
In order to calculate the optical constants using a Kramers-Kronig 
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Figure 10. Reflectivity of T1Br vs. Photon Energy. 
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Figure 13. Absorption Index k of T1C1 vs. Photon Energy. 
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energy regions of the spectrum. In the low energy region, where the 
crystals were transparent, the values of the reflectivity were calculated 
from the known index of refraction, using 
R = ( n - 1 ) 2 
n + 1 	' (18) 
the appropriate form of equation (11) when k = 0. Values of the index 
of refraction in the visible region were obtained from the work of Barth 
(28), and the values of R calculated from these data agreed exactly 
with the measured values of R in the low energy region. The curve 
was then smoothly continued with a French curve to zero energy. 
The high energy extrapolation was made by fitting the last two 
measured values of R (20.0 ev and 21.2 ev) to a decaying exponential 
curve of the form R(E') = exp (aE' + b). The values of a and b 
used were: 





b 	-0.7 	 -0.415 
The value of R at several points up to an arbitrary cut-off point at 
100 ev was then calculated from the exponential curve. 
The reflectivity data from 0 ev to 100 ev were then put into a 
computer program. The Georgia Tech Burroughs B-5500 computer was used 
to evaluate the integral of equation (15) at selected points in the 
interval from 0 ev to 21.2 ev by means of a trapezoidal approximation. 
From the value of the phase angle calculated from this integral, n and 
k were obtained as a function of photon energy (See Appendix B). The 
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results are shown as solid lines in Figures 11 through 14. These curves 
are similar to those found with the graphical method in the high-energy 
region, but give more reasonable results in the low-energy region. Also 
the values of n calculated by this method agree with those calculated 
from transmission measurements. 
Because of the differences as large as 100 per cent in the values 
of n and k calculated by these two methods, a measurement of the 
reflectivity as a function of angle of incidence of the light was made 
at several selected points for the T1Br sample in order to determine n 
and k by fitting the experimental curve to the proper Fresnel curve. 
The sample was not removed from the holder after the 20° and 70° measure-
ments were made, so the same region of the surface of the sample was used, 
and no errors were possible because of surface differences. 
The intensity of the reflected light was measured at intervals of 
2,5° from 20° to 70° the limits of the reflectometer. A correction for 
scattered light was determined as before, this time for all angles of 
incidence used. Typical data are shown in Figure 15. The data presented 
in Figure 15 show that the instrumental polarization of the incident light 
cannot be neglected, as it gives quite a large change in the high angle 
of incidence values of the reflectivity from that for unpolarized light. 
In order to determine n and k from these curves, a computer 
program was written to compare the experimentally determined curves to 
computer-generated Fresnel curves using different values of n, k, and 
p m, the state of polarization of the incident light (See Appendix B)0 
The correct values of n, k, and p m were chosen by inspection of the 
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Figure 15. Reflectivity vs. Angle of Incidence of Light 
for T1Br at 5.2 ev. 
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range of values, instead of single values of n, k, and pm , gave 
curves in agreement to within experimental error with the data for some 
wavelengths. These ranges are shown as vertical lines at the appropriate 
photon energy in Figure 8, 12, and 14. These results agree fairly well 
with the values calculated by Kramers-Kronig analysis, but disagree 
greatly with the results of the graphical analysis in some regions. The 
polarization of the incident light calculated in this manner agrees well 
with that determined with the LiF polarizes. 
CHAPTER IV 
DISCUSSION OF RESULTS 
Evaluation of Methods of Calculating Optical Constants  
The data presented in Figures 11 through 14 show that the Kramers-
Kronig (KK) and graphical (20° - 70°) methods give quite different values 
for the optical constants in some regions of the optical spectrum. The 
20° - 70° results show large deviations from the generally expected 
results, such as values of n which are very much smaller than the 
values determined by transmission methods in the transparent region. 
This method also gives the improbable result that the absorption index 
k is zero for TlBr at an energy higher than the fundamental absorption 
band edge (See Figure 14). The 20° - 70° results also disagree at low 
energies with the values arrived at by the Fresnel curve-fitting method. 
The KK results agree exactly with previously determined values of 
n in the transparent region. Tutihasi (18) used measurements of the 
transmission to determine the absorption coefficient a as a function 
of energy between 3.5 ev and 4,5 ev. The absorption index k shown in 
Figure 13 and determined by KK analysis was used to calculate a. The 
result agrees in shape as well as in magnitude with the values measured 
by Tutihasi. The KK values of n and k for both materials agree to 
within 15 per cent with the values determined from the Fresnel curve-
fitting method. 
The results for T1C1 agree best in the energy interval of 7 ev 
to 16 ev but begin to diverge past 16 ev. For TlBr both methods give 
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agreement with the Fresnel curve-fitting method to within 15 per cent over 
the whole range. 
Reference to Figure 8 shows that the regions of large discrepancy 
in the results of the two methods coincide with the regions in which the 
light is strongly polarized. This fact suggests that the error in the 
200 - 700 method is a direct consequence of the approximation of assuming 
unpolarized light. At energies for which the light is unpolarized, the 
curves for the two methods cross. This coincidence is the strongest 
argument for the assumption that the cause of the disagreement in the 
two methods is the polarization of the incident light. 
Other features of the results can also be explained by considering 
the polarization of the incident light. The fact that the KK method 
gives more accurate results can be explained by recognizing that the 
reflectance for an angle of incidence of 20 0 is not affected nearly as 
much by polarization in the incident beam as the 700 reflectance (1 per 
cent compared to 11 per cent for n = 2, k = 1, and 15 per cent polari-
zation). Since the KK results depend only on values of the reflectivity 
for low angles of incidence, and the graphical method depends on values 
for high angles of incidence, the graphical method will be more in error 
when polarized light is used. 
The computer calculations of Hunter (9) have shown that polariza-
tion does not have much effect on the curve of reflectance versus angle 
of incidence when the values of n and k are small. This result is 
confirmed by the agreement between the two methods at energies higher 
than 7 ev, even though the polarization is still large in this region. 
The discrepancy in the results of the two methods for energies 
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higher than 16 ev in T1C1 ev in T1C1 is probably due to the extrapolation 
of the reflectivity curve for T1C1 used in the KK analysis, since it may 
be assumed that the 20° - 70° method gives essentially correct results 
in this region of low n and k. The value of taking data by two dif-
ferent techniques becomes apparent when the results and approximations 
can be checked for self-consistency. 
In considering the Fresnel curve-fitting method of calculating 
optical constants, the results of Figures 12 and 14 indicate that this 
method, although giving correct values of the optical constants, is not 
sensitive enough to use in calculating these constants exactly when n 
and k are large. In this situation a large range of values of n, 
k, and the polarization of the light will generate curves that fit 
experimental points to within a reasonable experimental error. The 
curve-fitting results of Figure 8 can be used to verify the state of 
polarization of the light from the exit slit of the monochromator as 
measured with the LiF polarizer (26). The results previously mentioned 
are self-consistent. 
Discussion of the Optical Properties  of the Thallium  Halides 
As an aid in interpreting the data from this research on the 
optical properties of the thallium halides, the real and imaginary 
parts of the complex dielectric constant E° for T1C1 and T1Br were 
calculated from the values of n and k determined by means of the 
Kramers-Kronig analysis of the reflectivity data. The relations 
between Cl and E 2 and the optical constants are 











The values of e 1 
 and e 2 for T1C1 and T1Br as a function of energy 
are plotted in Figures 16 and 17. These Figures show several peaks in 
E
2 
that can be discussed in terms of particular electron transitions in 
the materials. Note that much of the fine structure in the original 
reflectivity curves has been obscured in the £ 2 results. Phillips 
(1) has shown that the integral transform can obscure the fine struc-
ture and also result in a shift of the peaks from 0.1 to 0.4 ev. 
The steep rise in £ 2 at 3.05 ev for T1Br and 3.45 ev for T1C1 
has been associated with the fundamental absorption band edge underlying 
an exciton peak by previous investigators (16), (17), (18). The oscil-
lator-like appearance of the first peak in T1C1 at 305 ev is consistent 
with the formation of excitons at this energy. The behavior of the 
optical constants at an energy associated with an electron transition 
to a discrete exciton energy level would be expected to be oscillator-
like as discussed by Phillips (1). These results cannot be used to 
ascertain the energy at which band-to-band transitions begin, since the 
band edge has been assumed to be nearly degenerate with the exciton 
level and cannot be resolved from it. The band edge of T1C1 has been 
placed at 305 ev by Zinngrebe (16) from the results of his investiga-
tion of the temperature dependence of the band edge, and at 3043 ev by 
Yanagi (29) because of the sharp rise in the photoconductivity at that 
energy. Either one of these energies for the band edge would not be 
resolved from the exciton peak in the room temperature data presented 
here. 
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Figure 17. Dielectric Constants e l , e z for T1Br vs. Photon Energy. 
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The absorption edge in T1Br is not oscillator-like in appearance, 
in contrast with T1C1, but exhibits the behavior calculated by Korovin 
(2) for transitions between parabolic energy bands, in which 6 2 does 
not exhibit a peak and e l peaks at an energy corresponding to the band 
gap. Analyzing the data in Figure 14 for T1Br in the light of these 
results, the band gap for the onset of band-to-band transitions in T1Br 
can be placed at 3.05 ev. The exciton peak observed by Lefkowitz (19) 
is very weak. Lefkowitz has placed the band edge at 3.115 ev by a cal-
culation of the ionization energy of the excitons observed in his work. 
This assignment agrees with the assignment of 3.05 ev made above within 
the uncertainty in the present results. 
The peaks in T1C1 at 4.95 ev, 5.05 ev, 582 ev, and 6.02 ev, and 
in T1Br at 4.07 ev, 4.48 ev, and 5.06 ev, observed by Zinngrebe (16) and 
associated by him with excited electronic states of the thallium and 
halide atoms, are observed in the reflectivity data presented in Figures 
9 and 10, but appear only as points of inflection in Figures 13, 14, 16, 
and 17 for the absorption index k and the imaginary part e 2 of the 
complex dielectric constant. In addition, the reflectivity and e 2 for 
T1Br show a peak at 5.6 ev, corresponding to the excited state of both 
the thallium and bromine atom, which is missing from the absorption data 
of Zinngrebe shown in Table 1. The results of this research are consistent 
with Zinngrebe's interpretation in tne low energy region. 
The remaining peaks cannot be exactly interpreted without the aid 
of detailed band calculations. Several general points can be inferred 
from the present data, however. The rapid decrease in the reflectivity 
after 7.2 ev for T1C1 and 6.7 ev for T1Br is similar to the behavior of 
certain metals in the ultraviolet (29), (30). Here the valence elec-
trons are essentially unbound and able to perform collective oscilla-
tions. The number of electrons per molecule taking part in these 
collective oscillations can be calculated from the value of the plasma 
resonance frequency 	associated with these oscillations. This fre- 
quency has long been associated (31) with a single large peak in the 
energy loss function for fast electrons traversing the material. The 
energy loss function is proportional to the probability that an electron 
traversing the material will lose a given amount of energy. At an energy 
equal to tiwP 9 the function would be expected to exhibit a maximum. 
This peak has been observed in conventional energy-loss experiments 
(32) in which inelastically scattered electrons are energy-analyzed. 
The results of energy-loss measurements can also be inferred 
from optical data (33). The energy loss function is equal to the 
imaginary part of 
1  -- 9 and can thus be calculated from the expression E, , 
E 2/E 3 -1- E 22  . This expression is plotted as a function of energy for 
T1C1 and T1Br in Figures 18 and 19. Since the values of e l and E
2 
calculated from the Kramers-Kronig analysis are in error beyond 16 ev, 
the values calculated from graphical analysis are also determined and 
shown as a dashed line in Figure 19 for T1C10 Peaks appear in these 
functions in a one-to-one correspondence with peaks in E 2, though 
shifted (-0.3 ev) to slightly higher energy. The low energy peaks are 
small, due to the magnitude of E
1 
and E
2 in this region. This struc-
ture can be associated with interband scattering and is analogous to 
results obtained for the alkali halides by Phillip and Ehrenreich (13). 
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Figure 19. Energy Loss Function -Im 1/E for T1Br vs. Photon Energy. 
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appears at 11.8 ev for T1Br and at 12.4 ev for T1C1. This peak is sepa-
rated by a much larger energy interval (-2 ev) than the interband scat-
tering peaks from any of the peaks in e 2. Results for the alkali 
halides are similar but not as pronounced. The work of Phillip and 
Ehrenreich shows two barely resolved peaks; the lower energy one can 
be associated with a peak in e 2 , while the higher energy peak has no 
correspondence with a peak in e 2 . The magnitude of this "extra" peak 
is -1.0 and has been ascribed by the authors to the plasma resonance. 
In order to locate the corresponding plasma resonance peak for 
the thallium halides, the density of "free" electrons in the conduction 
band able to undergo collective oscillations would have to be known. A 
rough estimate of the energy gaps between the various bands for an ionic 
material can be derived from a table of atomic energy levels. Table 2 
is taken from "Atomic Energy Levels" by Bearden and Burr (34) and shows 
the energies associated with a particular atomic level in electron volts 
for chlorine, bromine, and thallium. Only the highest levels are shown. 
This table indicates that one would expect eight free electrons per 
molecule at an energy above -10 ev for both T1Br and T1C1; two electrons 
from the Tl
+ 
6s band, and six electrons from the next lower-lying Br 
4p band or the Cl - 3p band. The next lower levels, the halide s-bands, 
are -30 ev below the continuum and would not be expected to contribute 
to optical processed in this region. 
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in which N is the molecular density of the crystal in molecules/cc 
and n is the number of free electrons per molecule, Using a value 
of eight electrons per molecule for n, the calculated plasma resonance 
energy is 13.5 ev for T1Br and 13.9 ev for T1C1. If as in the alkali 
halides the assumption is made that the broad peak in the energy loss 
function at 11.8 ev for T1Br and 12.4 ev for T1C1 consists of a low 
energy peak associated with the interband transitions at 10.2 ev for 
T1Br and 11.2 ev for T1C1, and a higher plasma resonance peak unresolved 
from the interband peak, the calculated values of the plasma resonance 
energy assuming eight electrons per molecule are in good agreement with 
the experimental data. 
For a finite range of integration, equation (21) can be used to 
define new an effective number of free electrons contributing to the 
optical properties in the range up to a given energy: 
wo 2m  






In the absence of bands lower than the p-bands of the halide ion, n
eff 
would be expected to saturate at a value of eight. A plot of n eff as 
a function of energy from a computer calculation using the Kramers-Kronig 
values of E
2 
for T1C1 and T1Br are shown in Figure 20. For T1C1 the 
graphically determined values of E
2 




Table 2. Atomic Energy Levels for Chlorine, 
Bromine, and Thallium (34) 
Level Energy (ev) 
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results shown as a dashed line. The curves of Figure 20 indicate that 
there is considerable contribution from lower lying electron states to 
the optical properties of these materials only at a fairly high energy. 
The fact that n eff is less than eight in the region of the plasma reso-
nance indicates that the oscillator strength for valence band excitation 
is not exhausted in the region of the plasma resonance. 
The integral of equation (23) may be considered to be an experi-





. By contrast, the contribution to neff from core states is 
so significant that these plots cannot be used to establish any possible 
contradiction to the present form of the Kramers-Kronig relations 
The last two peaks at 14.7 ev and 16.4 ev are oscillator-like, 
and can reasonably be associated with atomic transitions in the T1 1- ion. 
The association with the thallium ion is based on the evidence that the 
peaks appear at exactly the same energy for both T1C1 and T1Br. 
The results of Figures 18 and 20 indicate that great care must be 
exercised at high energies in interpreting data that depends on a Kramers-
Kronig analysis using an extrapolation into the high energy region of the 
spectrum. 
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Figure 20. The Effective Number of Electrons N eff Contributing to the Optical 
Properties of T1C1 and T1Br as a Function of Photon Energy. 
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CHAPTER V 
RECOMMENDATIONS FOR FURTHER RESEARCH 
Further evaluation of the methods of calculating optical con-
stants from reflectivity data can be carried out using the results of 
a recent investigation by Roessler (35) on a method of analyzing data 
by the Kramers-Kronig technique in which an extrapolation beyond the 
measured region of the spectrum is not necessary. Accurate values of 
n and k have been calculated in this work at the high energy region 
of the measured spectrum, where extrapolation errors are greatest in the 
Kramers-Kronig analysis. Using the reflectance curves from this work, 
the results of Roessler's method of analysis could be compared to the 
correct values. 
A large amount of work remains to be done on the optical proper-
ties of the thallium halides. Of primary importance would be a repeat 
at lower temperatures of the reflectivity work reported here. The low 
temperature results would aid in the interpretation of the transitions 
observed in this work, and facilitate any calculations on the band struc-
ture of the thallium halides that might be made in the future. There are 
optical properties other than the behavior of the optical constants that 
can further aid in the determination of the electronic properties and 
energy band structure of these materials. An example is the measurement 
of the photoconductivity of the materials, which can be used to deter-
mine at what energy electron excitations to the conduction band occur. 
62 
63 
Results on T1C1 have been reported (29), but T1Br remains to be inves-
tigated. Also an analysis of the energy distribution of photoemitted 
electrons from these materials would give information on the density of 
electron states in the energy bands and would aid in the energy placement 
of the upper bands of the materials. 
Energy loss measurements on fast electrons inelastically scat-
tered from these crystals can be correlated with the optical measure-
ments made here. Measurements of this type would be the most conclusive 
means of placing the value of the plasma resonance energy of electrons in 
the conduction band. Energy loss measurements have been made on the 
alkali halides (36) and on semiconducting materials (37) and give results 
in good agreement with optical work on these materials. 
General recommendations can be made for improving the experimental 
apparatus constructed for this research. The light source and power 
supply should be redesigned to give better stability and higher intensity. 
An improved light source would result in a better signal-to-noise ratio 
and would result in more precise measurements. Vacuum conditions in the 
sample chamber should also be improved. Since reflectivity measurements 
are primarily limited to the surface of a material, a better vacuum would 
give a more stable surface and allow for controlled contamination experi-
ments. 
APPENDIX A 
FRESNEL'S LAWS OF REFLECTION 
The reflection of electromagnetic radiation occurs at a region 
in which an abrupt change takes place in the index of refraction. The 
mathematical laws of reflection may be derived by applying appropriate 
boundary conditions to the electric and magnetic field of the radiation. 
Consider plane-polarized radiation incident on a semi-infinite 
plane interface between two media having permeabilities 11, 	and 
permittivities c, c'. The plane interface is the z = 0 plane, and 
the wave is incident from the 	medium_(See Figure 21). The bound- 
ary conditions applicable are 
(1) continuity of the normal components of D and B of the 
incident wave at the boundary, and 
(2) continuity of the tangential components of E and H 
at the boundary. 
In order to satisfy these boundary conditions, both a reflected wave and 
a refracted wave must be present, 
The waves may be represented by the following expressions: 





k x E 
B =7; 
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Plane of Incidence 
z= 0 
Figure 21. Optical Reflection Diagram. 
_b. 
e lk' x - itJt E' = E  
(23) 
B' = 
	 k' x E°  
k' 
E" = E" e ik" x - iwt 
0 	
(24) 
k"  x E" 
B" = [LE 
k" 
in which the single primes represent the refracted wave and the double 
primes represent the reflected wave. k is the wave vector, and the wave 
numbers have the magnitudes 




= k' = 	 (26) 
where w is the angular frequency of the wave. 
The existence of boundary conditions which must be satisfied at 
all points on the plane z = 0 at all times implies that the spatial and 
time variation of all fields must be the same at z = 0. Consequently, 
the phase factors must all b e equal at z = 0, which implies the 
equalities 
(k 	X) z.„0 = 	°) 
X' Z = O = (k" * )() Z = 0 
(27) 
independent of the nature of the boundary conditions. To satisfy equa-




k sin cp = k' sin y = k" sin (pR 
must hold. Since the wave vectors k" and k are equal, the angle of 
incidence cp is equal to the angle of reflection ep r , which is the well-
known law of reflection. 
Snell's Law, 
since k°  	n' 
sin y 	k 	 n (28) 
in which n and n' are the refractive indices of the two media, is 
also derived from equation (27). 
If the boundary conditions listed above are applied, the follow-
ing equations result: 
[ 	E 	E ") - E 'E 1 ] • n = 0 	 (29) o o 	o 
_,.. 	.... 	.... 	..,.. 	.N. 	..... 
[k x Eo + k" x Eo 
- k' x E
o
t] • n = 0 	 (30) 
.b. 	_.,.. 	...,. 	_.. 
(Eo  + E o " - Eo  °) x n = 0 	 (31) 
r 1 
[ — (k x Eo 
+ k" x E o") m µ 1 (k x E0')] x n= 0. 	(32) 
In applying these boundary conditions, two separate situations can be 
considered, one in which the incident plane wave is linearly polarized 
with its electric field vector perpendicular to the plane of incidence, 
and the other in which the electric field vector is parallel to the plane 
of incidence. The general case of arbitrary elliptic polarization can 
be obtained by appropriate linear combinations of the two results. 
First consider the electric field perpendicular to the plane of 
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incidence. Since the electric fields are all parallel to the surface, 
the first boundary condition in equation (29) yields nothing. Equations 









1 	 1 4/7 (Eo 	o 	 p.' E ") cos p 	E o'cos 	= 0 p  
while equation (30), using Snell's Law, duplicates equation (31). The 
relative amplitude of the reflected wave can be found from equations 








	1 	p tan T  
p' tan y 
p' tan y sin T 	
(35) 
The expression on the right is the result appropriate when the permea-
bilities of the two media are equal, as is generally true for optical 
frequencies. 
If the electric field is parallel to the plane of incidence the 
A 
boundary conditions involved are normal D, tangential E, and tangen-
tial 17 (equations (29), (31), and (32)). The continuity of tangential 
E and H demand the results 




f-p (Eo  + E o ") E o ' = 0 . .  (37) 
The continuity of normal D, in addition to Snell's Law, merely dupli-
cates equation (30). The relative amplitudes of the reflected electric 
field is then 
	
E
o 	sin 2y + ILT sin 2T 	
tan (m + y) ° 
E" 	sin 2m - sin 2X o 
IL 	 tan (T 	x) 	
(38) 
Again the result on the right applies for 11' = 11. 
The reflecting power of the interface is defined as the ratio of 
the intensity of the reflected wave to the intensity of the incident 
wave. From equations (35) and (38) the reflecting power for light polar-
ized perpendicular to the plane of incidence and parallel to the plane of 
incidence is then given by 
. 2 (T 	x) sin  r = s 	. 2 , 
sin kp + x) 
and 
2 
Y)  r - 






Kramers-Kroniq Computer Program  
The integral to be evaluated 
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00 
"wo ) = Te1 	
2,n 
0  
w + wo 
w - w dw 
d In r(w) dw (41) 
    
can be integrated by parts, and with a change of variable from w to 
E = 15 w it assumes the form 
E' 
m A r 	r(E) - -nEILL1  dE 





J  Y(E, E') dE 
0 
n  
Employing the trapezoidal rule, the integral can be approximated as 
N 
0(E) = — 
21c 	








For a calculation of the optical constants of a material from its 
reflectivity, N energies are chosen whose corresponding values of r(E) 
give a good approximation to the reflectivity curve when connected by 
straight lines. The computer program then evaluates a different set of 





n' En ) = 	 2 En T11) 
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Yn 's for each E' from the set of E n 's and sums them by equation (44) 
to give 0(E'). Since E n and E' in equation (42) both come from the 
same set, the singularity that occurs when E n = E' can be handled by 
taking the derivative of the numerator and the denominator of equation 
(42): 
This expression can be approximated by 
Y(En: En ) - 2En :(2(n 	-
+1)  
EEn+: (E-n-Ein )-1 ) 
If En happens to correspond to a peak in the reflectivity spectrum, 
Y(En , En ) must equal zero. Thus the values of r(En+1) and r(En-1 ) 
must be chosen at the proper energy to give equal r's. This can easily 
be done in choosing the set of E values to oe used as input. The com-
puter program chooses the proper expression, (42) or (46), to evaluate 
each Y(E', En ). 
Next n, k, and a are computed from the values of 	r(E'), 
and e(p) from equations (2), (13), and (14). The program prints out 
each E' and its corresponding n, k, and a, along with 9(E9 for 
possible diagnostic purposes. The program, written in the extended Algol 
language for the Burroughs B -5500 computer, is reproduced below. 
(45)  
(46)  
; 	 Dv ...'PTfC4','L CON“ANTS  
;- Pr-IM A 
TH;r;- Fr 	 ft= A 
SUM , 0 
• J. 
Xft HA N, 	0 1 1, 	Y, 	TH:7 rAr -)25 -11 
nATA ( 	 T 	s!vPi UNTIL A 
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111 4 LNC 	) 
UT I1 	 Pr,71 	) 
FPR J 	ST 	UNTIL n - On 
FPR ¶ 	- 0 Sif 	1 uNTI! 	A 	00 
Tr T z J TH , N, YrIt 	( RiT+17, 	kfT.11 ) / 	?)eTrIlxfIlA 
c- FT+1) ) 
yr' 	 • <F. JI 	 ry 	 ;- 1,- J1*? 
y1 4Ix- 	 - Yrol tor) 
c- op 	4 0 	I 	Nrii  
- Yr. hi.1 IxEr.7 
TC-ri; T:1 	,„  
- guLiJ4c.n .“ 
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Fresnel Curve-Fitting Computer Pro ram 
In order to select the proper values of n, k, and p m from an 
experimentally determined curve of reflectivity versus angle of incidence, 
a curve is calculated from the combination of equations (7) and (8) for 
a given set n, k, p m from a previously determined range, and the 
mean square deviation of this curve from the experimental curve is cal-
culated by the computer. The computer then prints the value of n, k, 
p m , and the deviation for that set. The proper n, k, and p m are 
then selected by simply choosing the smallest deviation. 
The computer program, written for the B-5500 computer, contains a 
test procedure to immediately discard a set of values n, k, and p m 
if the first calculated point misses the first experimental point by more 
than a given value. A program was also written for the Burroughs B-220 
computer to print out the best fit curve for a given n, k, and p m . 
The curve-fitting program is reproduced below. 
BEGIN 
CUMMLNI 	 CALCULATION OF OPTICAL CUNSTANTS BY CURVE-FITTING FRESNEL 
EQUATIONS TO EXPERIMENTAL CURVE OF REFLECTANCE VERSUS 
ANGLE OF INCIDENCE 
FORMAT UU1 	TILE (X10401 N"PX10,"K"PX9P"NHU",X6p"RMS DEVIATION",/) 
DANT (X55.0F741,6(F6v1)) 	P 
HESULTS(X8PF5.3PX6pF5939X6IF5o3,X3PF1196) 
LABEL 	 LXITP START 
REAL ARRAY 	RP C, So TE03301 
INTEGER 	I 	. 
REAL 	 NP Kg X, Y9 AP BP Op WRMSo HMS, RS, RPP RHUo FP GP LP MP 
LP Ho JP UP VP P, Q, RT, ID 	) 
LIST 	 RASA ( L, MP FP PP Q, G9 EP HP JP UP IUP FUR I 	0 STEP 1 
UNTIL 20 00 RLII ) 
LIST 	 CUNSIANTS ( FOR I 4- 0 STEP 1 UNTIL 20 	OU 
	
E CCU , SLI)o 	 ) 
LIST 	 RANGE. (I0o LP Fs Pp Go L., ; 
1,4R: ft (LINE,TITLE) 
RAO (CARDo/oCONSTANIS: 
START; 	 (CAROp/oOATA:EEXI;1 
(LINE, IDENIp HAN1E 
V 4 0/2110 	; 
%4 	L STEP M UNTIL E 	j0 
Fur 
e STEP (4 UNTIL 3 	 4J 
J 4 4., STEP H UN 	 OU 
vimiS 4 0 9 0 	; 
4- 2 STEP 1 UNTIL 20 	00 
HEGJI .N 
A 4' N*2 'm K*2 y° SEI1*2 
Y 	SQRT( X*2 + 4x(NxK:*2 
• 0,(07xSQRTCY 
d 4 0,707xSORTEY 	X; 
U 4 A*2 	8*2 
tiS 4 (0 ® 2*AxCEI1 	ClIT*2)/(0 	2xAxCEI) 	CEI)*2) 
RP + RSx(D 	2xAxS[I]xT(IJ + (S[I]xTII))*2)/(D + 
2xAxSEI)xTII) + (SII1xT[I))*2) 
HT + ( RP + RHOxR5 ) / ( RHO + 1.0 ) 	) 
HMS + ( R(I) " RT )*2 	; 
WRMS 	WRMS 	RMS 
IF WRMS > U + ( I s" 22 )xV IMEN BEGIN 
I + 20 	; 
WHMS 1.0 	END 	; 
LND ) 
IF WRMS < 0,00005 	THEN 
WHITE (LINE, RESULTS:, Np Kr RHUp 10000xWRMS) 	) 




GU TO START 	; 
END, 
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